Objective: The direct effects of adipokines on skeletal muscle metabolism have been well established. As the combinatorial effects of adipokine mixtures are likely to be of more physiological relevance, we used a coculture system of primary rat adipocytes and L6 skeletal muscle cells to examine the effects of adiponectin derived from primary rat adipocytes on rat skeletal muscle cells. Results: We showed that coculture with adipocytes stimulated glucose uptake in L6 cells within 30 min and this correlated with an increase of glucose transporter isoform 4 (GLUT4) localization to the plasma membrane. These effects were dependent on the reorganization of the actin cytoskeleton, demonstrated by rhodamine-labeled phalloidin immunofluorescence, as cytochalasin D attenuated the glucose uptake induced by adipocyte-conditioned media. Temporal analysis revealed that enhanced glucose uptake was maintained after 24 h of coculture, and this was attributed to an increase in both GLUT1 expression and the cell surface content of GLUT4. We established a role for adiponectin in mediating these effects as antibody-mediated neutralization attenuated the metabolic effects of adipocyte-conditioned media. Furthermore, compound C blocked these effects, suggesting an important role for AMPK. Importantly, when we compared the effects of full-length recombinant adiponectin with adipocyteconditioned media, we confirmed that recombinant adiponectin was unable to stimulate glucose uptake in L6 cells despite having an important role in adipocyte-conditioned media.
Introduction
Since the discovery of leptin in 1995 1 and the subsequent discovery of adiponectin, 2-4 IL-6 and TNF-a production from the adipose tissue, it has been recognized that the adipose tissue secretes many bioactive cytokines that are important regulators of metabolism. 5 Studies have shown that leptin is important in the regulation of food intake and energy expenditure. 6 The multifaceted effects of adiponectin have been summarized in several excellent reviews. 7, 8 Specifically, adiponectin is recognized as an anti-diabetic adipokine through its ability to lower whole-body glucose levels in rodents, [9] [10] [11] as well as enhance insulin action in skeletal muscle. 12, 13 TNF-a and IL-6 are proinflammatory cytokines and at elevated levels can interfere with insulin signaling, and contribute to the development of insulin resistance. 14 Studies in humans as well as rodent models have reported that adipokine levels are altered in obese, diabetic and lipoatrophic states, and that these altered levels have detrimental effects on energy metabolism. 15 Taken together, these studies have shown that having a homeostatic level of adipokine secretion is vital in regulating metabolic processes. Uptake of glucose into skeletal muscle is primarily mediated via glucose transporter isoform 4 (GLUT4). Under basal conditions, GLUT4 primarily resides in intracellular storage vesicles and is translocated to the plasma membrane via insulin-dependent, as well as insulin-independent (that is, AMP-activated protein kinase (AMPK)) signaling pathways. Regulation of glucose uptake by insulin is dependent on the activation of key signaling molecules (that is, IRS, Akt and AS160), as well as the cellular localization of these signals and the redistribution of GLUT4 transporters to the plasma membrane. 16 Reorganization of the actin cytoskeleton has been suggested to have an essential role in insulin action as it provides the network to facilitate the spatial location of insulin signals, as well as promote GLUT4 translocation. 17, 18 Our previous studies using a coculture system of rat adipocytes and L6 skeletal muscle cells have demonstrated that adipokine secretion from wild-type rat adipocytes can increase glucose uptake in skeletal muscle. 19 In this study, we investigated the mechanisms responsible for the temporal effects of adipocyte coculture on skeletal muscle glucose uptake.
Materials and methods
Cell culture medium (alpha-minimum essential medium, 5 mM glucose), phosphate-buffered saline (PBS), fetal bovine serum and antibiotic/antimycotic solutions were purchased from Wisent (St Bruno, QC, Canada ]glucose was purchased from Amersham (Baie d'Urfe, QC, Canada), compound C was obtained from Calbiochem (San Diego, CA, USA), protein A Sepharose was purchased from GE Healthcare (Piscataway, NJ, USA), rhodamine-conjugated phalloidin was obtained from Invitrogen (San Diego, CA, USA) and Fluorescent Mounting Media from DAKO (Glostrup, Denmark). Polyclonal antibodies to b-actin and horseradish peroxidase (HRP)-conjugated anti-rabbit-IgG were obtained from Cell Signaling Technology (Beverly, MA, USA) and polyclonal c-myc was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GLUT1 and GLUT4 polyclonal antibodies were a gift from Dr Amira Klip (Hospital for Sick Children, Toronto, ON, Canada) and polyclonal anti-adiponectin was a gift from Dr Aimin Xu (University of Hong Kong, Hong Kong, China). Chemiluminescence reagent plus was obtained from Perkin-Elmer LAS (Boston, MA, USA) and polyvinylidene difluoride (PVDF) membranes were purchased from Bio-Rad (Burlington, ON, Canada). Recombinant full-length adiponectin (fAd) was produced as previously described 20 from HEK293 cells.
Cell culture L6 rat skeletal muscle cells were grown in alpha-minimum essential medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic solution under a humidified atmosphere of 95% air, 5% CO 2 at 37 1C.
Wild-type L6 myoblasts were differentiated into myotubes in 2% fetal bovine serum alpha-minimum essential medium for 5-7 days. L6 cells stably transfected to overexpress myctagged glucose transporter (GLUT)-4 were used as myoblast when grown to full confluency in 10% fetal bovine serum growth medium. ] radioactivity counting and protein levels were determined by the Bradford protein assay. Glucose uptake was calculated as picomoles per milligram protein per minute and expressed as fold increase over control. Where indicated in figures, L6-GLUT4myc myoblasts were pretreated for 1 h with 1 mM cytochalasin D before adipocyte-conditioned media treatment (1-3 h) and replenished in CM for each treatment. Again where indicated in figures, L6-GLUT4myc myoblasts or L6 myotubes were treated with 5 mg ml À1 fAd for 2 h, and glucose uptake was measured. To examine the role of AMPK, the L6-GLUT4myc myoblasts were pretreated for 30 min with 20 mM compound C in a serum free media. The media was then replaced with adipocyte-conditioned media with or without 20 mM of compound C for 3 h. Control wells were not treated with adipocyte-conditioned media or inhibitors, and adipocyte-conditioned media alone served as a positive control.
Experimental animals
Determination of GLUT4 translocation L6 GLUT4myc cells contain a myc epitope on the exofacial location of GLUT4, which allowed for the measurement of cell surface GLUT4 content in intact cells through the SIGMAFAST OPD antibody-coupled colorimetric assay as described previously. 23 Following coculture or adipocyteconditioned media treatment, L6-GLUT4myc myoblasts were washed with ice-cold PBS and incubated for 1 h with an anti-c-myc antibody (1:200 dilution) at 4 1C. Cells were washed and fixed in 3% paraformaldehyde for 3 min on ice. The fixative was then neutralized for 10 min with 10 mmol l À1 glycine in ice-cold PBS. Cells were blocked in 10% goat serum and 3% BSA for 30 min, and incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1000 dilution) at 4 1C. Cells were then washed with ice-cold PBS and incubated with OPD reagent (1 ml per well) for 30 min at room temperature. 3 M HCl was used to stop the reaction and the absorbance at 492 nm of the supernatant was measured.
Western blotting
Western blotting was conducted as described previously. 19 After coculture or treatment with CM, L6 cells were lysed in 1 Â Laemmli sample buffer containing 10% (v/v) betamercaptoethanol, and was passed through a syringe several times and heated (65 1C, 5 min). Cell lysates were then centrifuged at 13 000 r.p.m. for 5 min and approximately 20 mg protein was loaded onto a 10% SDS-PAGE gel and immunoblotted onto a PVDF membrane. Membranes were blocked with 3% BSA blocking buffer (3% BSA in 1 Â wash buffer containing 50 mM Tris-base, 150 mM NaCl, 1%
tween-20 and 1% Nonidet P-40) for 1 h at room temperature and incubated overnight at 4 1C with primary antibodies (GLUT1 (1:1000), GLUT4 (1:1000) and b-actin (1:1000)).
Membranes were then washed with 1 Â wash buffer, incubated with an appropriate HRP-coupled secondary antibody (anti-rabbit at 1:10 000) for 1 h, and proteins were visualized using enhanced chemiluminescence.
Analysis of cytoskeleton remodeling via immunofluorescent microscopy Following adipocyte-conditioned media treatment, L6-GLUT4myc myoblasts (seeded onto 25 mm coverslips) were washed and fixed with 4% paraformaldehyde on ice for 30 min. Paraformaldehyde was quenched with 100 mM glycine (10 min at room temperature) and cells were permeabilized with 0.1% Triton-X-100 for 20 min, followed by 10 min of blocking with 1% BSA and 45 min of filamentous actin staining with rhodamine-conjugated phalloidin (0.66 nM). Coverslips were then washed with PBS and mounted on glass microscope slides with DAKO Fluorescent Mounting Media. Filamentous actin images were obtained using the Olympus BX51 confocal microscope (Olympus, Seattle, WA, USA) with an Â 60 objective.
Antibody-mediated adiponectin neutralization
Adipocyte-conditioned media was incubated with various concentrations of polyclonal anti-adiponectin for 2 h and then overnight with Protein A Sepharose at 4 1C. The media was then centrifuged and the supernatant was used to treat L6-GLUT4myc myoblasts in 24-well plates for 2 h, L6 cells were then washed with PBS, and glucose uptake was assayed.
Statistical analysis
Data are expressed as mean ± s.e.m. The number (n) of replicate experiments is indicated below each figure in which 'n' indicates the number of rat adipocyte cultures used. Specifically, this refers to isolation of primary rat adipocytes producing a final concentration of 10 6 cells ml
À1
, which were then used in individual experiments (typically performed in duplicate/triplicate wells treated with adipocyte coculture or adipocyte-conditioned media). Statistical analysis was done using paired Student's t-test. Differences between groups were considered statistically significant when Po0.05.
Results
We used L6-GLUT4myc myoblasts to measure glucose uptake and GLUT4 translocation to the plasma membrane. Adipocyte coculture for 0.5-3 h significantly increased glucose uptake into L6-GLUT4myc myoblasts (Figure 1a) , and a significant increase in cell surface GLUT4 transporter content was observed (Figure 1b) . We have established that Stimulation of glucose uptake in skeletal muscle cells V Vu et al adipocyte-conditioned media alone can induce similar effects as coculture on glucose uptake as shown previously, 19 and thus in subsequent experiments we used CM. Actin cytoskeleton remodeling is an important component of insulin-stimulated GLUT4 translocation, and in this study we observed a robust induction of actin remodeling into membrane ruffles, which was reminiscent of the structures observed under insulin-treated conditions (Figure 2 ). The remodeling induced by adipocyte-conditioned media occurred as early as 10 min and was persistent up to 3 h of treatment. When we examined the effect of actin disassembly, induced by cytochalasin D treatment, we observed a significant inhibition of the effects of adipocyte-conditioned media on glucose uptake ( Figure 3 ). As expected, insulin-stimulated glucose uptake was inhibited by cytochalasin D.
Prolonged coculture with primary adipocytes (6-24 h) showed that stimulation of glucose uptake into L6 cells was maintained for 24 h (Figure 4a ), albeit with a lower magnitude (B1.5-fold above control) than that observed under acute conditions (approximately two-fold). An increase in cell surface content of GLUT4 (Figure 4b We previously established an important role of adiponectin in the coculture system through an attenuation of glucose uptake following siRNA knockdown of adiponectin receptor 2 in the target cell. 19 In this study, we further demonstrate the role of adiponectin in coculture through antibody neutralization. Adiponectin neutralization at antibody concentrations above 100 mg ml À1 was able to reduce the concentrations of multimeric adiponectin (Figure 5a ) and total adiponectin (Figure 5b ) in adipocyte-conditioned media. This reduction of adiponectin resulted in a blunted effect of adipocyte-conditioned media on glucose uptake into L6-GLUT4myc myoblasts, with a significant reduction observed at anti-adiponectin concentrations above 100 mg ml À1 (Figure 5c ). We also observed that under acute conditions (2 h) recombinant adiponectin alone did not stimulate glucose uptake into L6-GLUT4myc myoblasts ( Figure 6a ). Our group has reported previously that adipocyte coculture (or adipocyte-conditioned media treatment) induced an activation of signaling in an insulin-mimetic (IRS1 and Akt phosphorylation) and in an insulin-independent (AMPK phosphorylation) manner. 19 Many previous studies have also established that adiponectin primarily signals through the AMPK pathway to mediate metabolic effects. [23] [24] [25] [26] [27] [28] Based on these observations, we used compound C to inhibit AMPK, and observed that uptake of 2-deoxyglucose induced by conditioned media was attenuated ( Figure 6b ).
Discussion
The global obesity epidemic and its associated complications have emphasized the importance of the adipose tissue as a regulator of metabolic function. Several hypotheses for the basis of the link between obesity and insulin resistance have proposed that an alteration in the adipokine profile, such as reduction of beneficial adipokines (for example, adiponectin) and increased secretion of proinflammatory adipokines (such as, TNF-a and resistin), contributes to the development of insulin resistance. 15 Skeletal muscle is the principal target for postprandial insulin-stimulated glucose uptake, 16 and our aim was to examine the effects of adipokine mixtures on glucose metabolism of skeletal muscle cells and the mechanisms mediating these effects. Although we must be cautious in extrapolating the effects observed in this direct coculture system to physiological relevance, where adiponectin is typically regarded as an endocrine hormone, it is important to note that recent literature supports the notion that adiponectin also mediates important functional autocrine effects. to the plasma membrane were measured in L6-GLUT4myc myoblasts. Values represent mean±s.e.m. fold increase in glucose uptake or GLUT4 content over control (Con), which was assigned a value of 1, and n ¼ 3, where *Po0.05 vs control. Insulin (100 nM) served as a positive control.
Stimulation of glucose uptake in skeletal muscle cells V Vu et al
We showed previously that the mixture of various factors secreted from wild-type primary rat adipocytes can enhance glucose uptake in L6 skeletal muscle cells. 19 In this study, we follow up in more mechanistic detail and extend the temporal analysis to examine the acute and chronic (up to 24 h) effects. Indeed, the stimulation of glucose uptake by adipocyte coculture (or adipocyte-conditioned media) was observed at both extremes of our temporal studies, although the mechanistic basis was shown to be different. Acute effects on glucose uptake were mediated by an increase in GLUT4 translocation. Under basal conditions, as much as 90% of GLUT4 transporters are stored in intracellular compartments, and translocate to the plasma membrane following insulin stimulation. 16 GLUT4 translocation also occurs in response to muscle contraction and AICAR activation of AMPK. 30 Thus, it is the plasma membrane content of GLUT4 that is an important prerequisite for enhanced glucose uptake. GLUT4 translocation is a complex process balanced by the rate of exocytosis from intracellular storage vesicles and endocytosis of recycling endosomes containing GLUT4. The actin cytoskeleton has been shown to have an important role in mediating these events in response to insulin in skeletal muscle. 16 Insulin induces a transient remodeling of the actin cytoskeleton into dorsal membrane ruffles, facilitating the 100nM Insulin, 10min 10min 3hr
Control
Adipocyte conditioned media treatment Figure 2 Actin-cytoskeleton remodeling in response to adipocyte-conditioned media. L6-GLUT4myc myoblasts were seeded onto 25 mm coverslips and stimulated with adipocyte-conditioned media for 10 min to 3 h, control cells were unstimulated and insulin (100 nM, 10 min) served as a positive control for membrane ruffling. Cells were stained with rhodamine-labeled phalloidin, and the F-actin network was visualized using fluorescent microscopy with an Â 60 oil immersion objective. Images are collapsed 'xy projections' representative of n ¼ 3 experiments. Figure 3 The effect cytoskeleton disruption on adipocyte-conditioned media induced effects on glucose uptake in L6 cells. Uptake of 2-deoxyglucose was measured in L6-GLUT4myc myoblasts following treatment with adipocyte-conditioned media in which cells were treated with or without 1 mM cytochalasin D. Glucose uptake is presented as fold increase above control in which control (Con) was set to 1, insulin served as a positive control and data represents mean±s.e.m, n ¼ 3, *Po0.05 vs control and # Po0.05 vs respective insulin or conditioned-media treatment without cytochalasin D.
Stimulation of glucose uptake in skeletal muscle cells V Vu et al interaction between insulin signaling molecules (including phosphatidylinositol 3-kinase, PDK, Akt) and promoting GLUT4 insertion into the plasma membrane. [16] [17] [18] Disruption of the actin cytoskeleton by cytochalasin D significantly reduced insulin stimulation of glucose transport into L6 cells. 17 In this study, we made the novel observation that adipocyte-conditioned media treatment induced remodeling of the actin cytoskeleton in L6 cells into membrane ruffles reminiscent of the structures observed following insulin treatment. The most significant difference between insulin and CM was the temporal nature of these effects as insulin induced transient remodeling, which was maximal at 10 min, 18 whereas actin remodeling following CM treatment commenced at 10 min, yet was sustained for up to 3 h. We demonstrated that this actin remodeling is essential for CM-induced glucose uptake, as disassembly of the actin network with cytochalasin D significantly reduced glucose uptake at times up to 3 h of treatment. At longer time points up to 24 h, glucose uptake was mediated by an increase in total GLUT1 expression and also a significantly higher level of plasma membrane GLUT4 content. As GLUT1 expression confers direct effects on basal levels of glucose uptake, an overall increase in protein expression would be expected to enhance glucose uptake under these conditions. 31 Studies in humans and rodent models have demonstrated reduced circulating adiponectin levels, particularly the oligomeric isoform, in obesity and diabetes. 8, 32 Replenishment of adiponectin levels in lipoatrophic mice 9 and transgenic overexpression of globular adiponectin in ob/ob mice that have restored insulin sensitivity 11 Figure 4 The effect of chronic adipocyte coculture on glucose uptake, glucose transporter isoform 4 (GLUT4) plasma membrane content and expression of glucose transporters in L6 cells. L6-GLUT4myc myoblasts were cocultured with primary adipocytes for 6, 12 and 24 h and (a) uptake of 2-deoxyglucose and (b) cell surface content of GLUT4 transporters was measured. Glucose uptake or GLUT4 plasma membrane content represented as mean±s.e.m. fold over control (Con), which was assigned a value of 1 and n ¼ 3, where *Po0.05 vs control. Expression of GLUT1 and GLUT4 transporters was measured in wild-type L6 myotubes following chronic (6-24 h) coculture with primary adipocytes. Representative immunoblots are presented above graphs showing quantitative analysis of (c) GLUT1 and (d) GLUT4 expression from n ¼ 6 experiments standardized by b-actin levels as the loading control, *Po0.05 vs control.
Stimulation of glucose uptake in skeletal muscle cells V Vu et al levels. 33 Our previous study with the coculture system demonstrated that adiponectin was a key mediator of the effects on glucose uptake of skeletal muscle observed in response to coculture. 19 Adiponectin has extensively been shown to have a stimulatory role on skeletal muscle metabolism. 8, 13, 23, 27 This study further demonstrates the importance of adiponectin in skeletal muscle glucose uptake as neutralization of adiponectin in adipocyte-conditioned media attenuated the effects of CM on glucose uptake. Although adiponectin is an important mediator of the effect of adipocyte coculture, recombinant fAd alone did not elicit effects in L6 cells at times up to 3 h. Importantly, the recombinant fAd we produced contains multimers of adiponectin in ratios similar to those found in circulation, and also as secreted by primary adipocytes. 20, 29 This clearly suggests that it is the combined actions of factors secreted by adipocytes acting in concert, and perhaps the cross-talk between them which allow adiponectin to become an important mediator of glucose uptake into skeletal muscle. We did not observe any degradation of fAd to gAd (data not shown) in CM which might explain the direct effects on skeletal muscle cells. We and others have shown that adiponectin, adipocyte coculture or adipocyte-conditioned media can stimulate the phosphorylation of AMPK. 9, 11, 23, 27 AMPK activation is known to be capable of increasing translocation of intracellular stores of GLUT4 to the plasma membrane and resulting in an increase in glucose uptake into skeletal muscle. 30 The next logical extension of our above studies was to determine if activation of AMPK by CM mediated any changes in glucose metabolism. Via the inhibition of AMPK by compound C, we observed that the effects of adipokine mixtures on glucose uptake in skeletal muscle were attenuated, indeed suggesting a permissive role of AMPK. In summary, our results indicate that more physiologically relevant mixtures of adipokines elevate skeletal muscle Glucose Uptake Figure 5 The role of adiponectin in the adipocyte conditioned mediainduced effects on glucose uptake in L6 skeletal muscle cells. Adiponectinneutralized adipocyte-conditioned media was analyzed for (a) multimeric adiponectin under non-reducing and non-denaturing conditions, whereas (b) monomeric adiponectin was analyzed under reducing and denaturing conditions. (c) Uptake of 2-deoxyglucose was measured in L6-GLUT4myc myoblasts following 2 h treatment with adipocyte-conditioned media in which adiponectin was neutralized with an anti-adiponectin antibody (black circles). Neutralization of 0% a-minimum essential medium with antiadiponectin antibody (gray squares) served as a negative control. n ¼ 3 experiments, *Po0.05 vs conditioned-media treatment and # Po0.05 vs respective negative controls.
Glucose Uptake Comparison between the effects of recombinant adiponectin and adipocyte-conditioned media treatment and the role of AMPK activation in glucose uptake in L6 skeletal muscle cells. Uptake of 2-deoxyglucose was measured in L6-GLUT4myc myoblasts following 2 h of treatment with adipocyte-conditioned media in which (a) conditioned media (CM) treatment was compared with full-length recombinant adiponectin (fAd) (5 mg ml À1 , fAd) and (b) activation of AMPK by CM was inhibited with compound C (CC). Glucose uptake was expressed as fold increase above control in which control (Con) was set to 1, insulin served as a positive control and data represents mean±s.e.m, n ¼ 3, *Po0.05 vs control and # Po0.05 vs conditioned media treatment.
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